Introduction {#s1}
============

Background or leak potassium currents (K~2P~ family) have an important role in maintaining resting membrane potential in excitable and non-excitable cells. They display no voltage-dependence, which allow them to carry K^+^ currents over a wide range of membrane potentials. These properties make them key determinants of neuronal excitability, contributing to the likeliness of depolarizing stimuli to achieve action potential threshold, as well as shaping the neuron firing response (action potential duration and amplitude, repetitive firing, postdischarge) [@pone.0064471-Patel1]--[@pone.0064471-Nol1]. Among the several background K^+^ channels from the K~2P~ family expressed in dorsal root ganglion (DRG) and trigeminal (TG) sensory neurons [@pone.0064471-Yamamoto1]--[@pone.0064471-Dobler1], TREK-2 and TRESK currents account for 80% of the background current in small and medium-sized DRG neurons [@pone.0064471-Kang1]. TRESK is highly expressed in sensory neurons and appears to play a significant role in setting up sensory neuron excitability under different pathological conditions: a significant down-regulation of TRESK was found in a neuropathic pain model [@pone.0064471-Tulleuda1] and changes in channel expression have been reported after inflammation [@pone.0064471-Marsh1]. In addition, a TRESK \[G339R\] functional knockout mice shows an enhanced DRG excitability [@pone.0064471-Dobler1] and a dominant-negative mutation in the human channel is linked to familial migraine with aura [@pone.0064471-Lafrenire1]. TRESK is also the target of sanshool, contained in Sichuan peppers, which produces numbing and tingling sensations [@pone.0064471-Tsunozaki1]--[@pone.0064471-Lennertz1]. Understanding more about the mechanisms by which TRESK activity is modulated will yield further insights into how the regulation of sensory neuron excitability is achieved.

Leak K^+^ channels, far from being passive players, are highly regulated by multiple physico-chemical factors including temperature, pH, hypoxia, volatile anesthetics and poly-unsaturated fatty acids. Furthermore, these channels can be modulated by PKA and/or PKC phosphorylation following stimulation of G~s~ or G~q~ coupled receptors [@pone.0064471-Enyedi1], [@pone.0064471-Nol1], [@pone.0064471-Enyedi2]. Mechanical stimulation is another regulator of K~2P~ channel function: TREK-1, −2 and TRAAK are highly modulated by membrane stretch (possibly via their interaction with the actin cytoskeleton). Whether or not TRESK is also a stretch-sensitive channel is unknown to date. A study using radial stretch and hydroxy-alpha-sanshool described different populations of TRESK-expressing mechanosensitive sensory neurons, including stretch-sensitive large neurons expressing TRESK but not TRPV1 (likely low threshold mechanoreceptors or propioceptors) and stretch sensitive smaller neurons co-expressing TRESK and TRPV1 (likely non-peptidergic C-fiber nociceptors) [@pone.0064471-Bhattacharya1]. In our previous study, we found that injection of the alkylamide synthetic derivative IBA (which blocks TRESK currents) into the rat hindpaw produced a decrease in the mechanical threshold to painful stimulation [@pone.0064471-Tulleuda1]. Similar effects were also observed upon knockdown of TRESK using siRNA [@pone.0064471-Tulleuda1]. These data suggest a role for TRESK in the modulation of mechanosensory responses.

In the present report, we have studied whether TRESK can be modulated by mechanical stimuli and if this stretch sensitivity can play a significant role in membrane currents of sensory neurons. Our findings show that TRESK currents are enhanced by shear stress, as well as by increasing membrane tension with a hypotonic stimulus. Manipulation of the membrane tension by exposure to membrane-deforming chemicals also modulates channel activity. Stretching the cell membrane by applying suction through a patch pipette also enhances channel opening at the single channel level. This newly described property of TRESK represents a further level of control in the fine-tuning of sensory neuron excitability. Its mechanosensitivity in addition to its modulation by different chemical stimuli will likely contribute to the control of sensory neuron excitability and suggests a possible role in touch detection and/or pain sensation.

Materials and Methods {#s2}
=====================

Ethics statement {#s2a}
----------------

All experimental procedures involving animals were reviewed and approved by the University of Barcelona Animal Care Committee and by the Natural medium department of the Generalitat de Catalunya, Catalonia, Spain (Ref. 5853).

Plasmid construction {#s2b}
--------------------

Rat TRESK in the pcDNA3.1 vector (kindly provided by Dr. S. Yost, University of California-San Francisco) was subcloned into the pIRES~2~-EGFP (*NheI/EcoRI*) or pEGFP-C3 (*BamHI/XbaI*) vector and used for transient or stable transfection of cell lines as described below. Human TRESK pcDNA3.1 vector was kindly provided from Dr. Y. Sano (Astellas Pharma Inc, Ibaraki, Japan) and subcloned into pEGFP-C2 vector using *EcoRI/SmaI* digest. To construct the TRESK/TASK chimeras, the C-terminus of human TASK1 (amino acids 245--394) or human TASK3 (amino acids 245--374) was fused to the TM4 of rat TRESK (at amino acid 357) using the technique of splicing by overlap extension [@pone.0064471-Higuchi1], [@pone.0064471-Horton1]. Briefly, a PCR fragment consisting of the spliced TRESK/TASK cDNA was generated by a two-step PCR strategy and subcloned in-frame into pEGFP-C1-rTRESK by *EcoRV/EcoRI* digestion. Primer sequences and a more detailed strategy are available upon request. Human TASK1 and TASK3 cDNAs were kind gifts from Dr. R. Preisig-Müller (Philipps-Universität Marburg, Germany). C-terminus deletion mutants of rTRESK were generated from the pEGFP-rTRESK vector. Truncations of TRESK were constructed by generating PCR products containing premature stop codons at the appropriate amino acid positions (K379, Y389, C397). These PCR products were then subcloned into pEGFP-C1-rTRESK using *BglII/EcoRI* digest.

HEK293 and F-11 cell line culture and transfection {#s2c}
--------------------------------------------------

HEK293T cells, cultured in DMEM with 10% FBS, 1% penicillin/streptomycin and 1% glutamine, were seeded in 12-mm dishes 24 h before transfection. Cells were transiently transfected with pIRES~2~-EGFP vector alone (control) or stably transfected with pIRES~2~-EGFP-rTRESK using FuGene transfection reagent (Roche), according to the manufacturer\'s instructions. pCD8-mTREK1 (kindly provided by Dr. F. Lesage, Institut de Pharmacologie Moléculaire et Cellulaire-CNRS, Valbonne, France) or pcDNA3.1-TASK3 were cotransfected with GFP. The F-11 cell line were kindly provided by Dr. E. Deval (Institut de Pharmacologie Moléculaire et Cellulaire-CNRS, Valbonne, France) and used as previously reported [@pone.0064471-Francel1]--[@pone.0064471-Delaunay1]. F-11 cells were cultured in Ham\'s F-12 medium (Sigma-Aldrich) supplemented with 15% FBS, 1x HAT (sodium hypoxanthine, aminopterin and thymidine), 200 mg/ml allo-4-hydroxy-L-proline (Sigma- Aldrich) and 1% antibiotics (penicillin/streptomycin, Sigma-Aldrich). One day after plating, cells were transiently transfected as described above. Cells were used for patch-clamp experiments 24--48 h after transfection. Both HEK293 and F-11 cells were cultured at 37°C and 5% CO~2~.

Trigeminal ganglion neuron culture {#s2d}
----------------------------------

Adult male Sprague-Dawley rats (Harlan; 100--150 g) were kept at 22°C with free access to food and water in an alternating 12 h light and dark cycle. Animals were sacrificed by decapitation under anesthesia (isoflurane) and both trigeminal ganglions (TG) were removed and maintained in cold (4--5°C) Ca^2+^ -- and Mg^2+^ -free Phosphate Buffered Saline solution (PBS, Sigma) supplemented with 10 mM glucose, 10 mM Hepes, 100 U.I./mL penicillin, 100 µg/mL streptomycin until dissociation. Subsequently, ganglia were minced with iridectomy scissors and incubated with collagenase CLS I (1 mg/ml; Biochrome AG, Berlin) for 1 h 45 min followed by 15 min trypsin treatment (0.25%; Sigma) before mechanical dissociation with fire-polished Pasteur pipettes. The cell suspension was then layered on top of a 28/12.5% Percoll (Sigma) gradient to separate myelin and nerve debris from the neurons. Next, the cells were centrifuged at 1300 g for 10 min at room temperature. After removing the upper 4.5 ml of the Percoll gradient and adding 4 ml Dulbecco\'s Modified Eagle\'s Medium (DMEM) medium, cells were centrifuged at 1000 g for 6 min. Neurons found in the pellet were suspended in 2 ml DMEM +10% fetal bovine serum (FBS; Sigma), centrifuged at 1000 rpm for 5 min and re-suspended in the culture medium \[DMEM +10% FBS, 100 µg/ml penicillin/streptomycin, 100 mg/mL L-glutamine\]. Cell suspensions were transferred to poly-L-lysine/laminin-coated 12 mm-diameter glass coverslips and incubated at 37°C and 95% air, 5% CO~2~ up to 1 day before being used for patch-clamp electrophysiological recordings. No NGF or other growth factors were added.

Electrophysiological recording {#s2e}
------------------------------

Electrophysiological recordings were performed with a patch-clamp amplifier (Axopatch 200B, Molecular Devices, Union City, CA). Patch electrodes were fabricated in a Flaming/Brown micropipette puller P-97 (Sutter instruments). Electrodes had a resistance between 2--4 MΩ when filled with intracellular solution (in mM): 140 KCl, 2.1 CaCl~2~, 2.5 MgCl~2~, 5 EGTA, 10 HEPES at pH 7.3. Bath solution (in mM): 145 NaCl, 5 KCl, 2 CaCl~2~, 2 MgCl~2~, 10 HEPES at pH 7.4. The osmolality of the isotonic solution was 310.6±1.8 mOsm/Kg. Hypotonic bath solution (−25%) was made by decreasing NaCl to 105 mM (235.6±5.4 mOsm/Kg). Sorbitol was added to isotonic bath solution to obtain +10% (342.1±2.3 mOsm/Kg) or +25% (385.3±4.2 mOsm/Kg) hypertonic solutions.

Membrane currents were recorded in the whole-cell patch clamp configuration, filtered at 2 kHz, digitized at 10 kHz and acquired with pClamp 9 software. Data was analyzed with Clampfit 9 (Molecular Devices) and Prism 4 (GraphPad Software, Inc., La Jolla, CA). Series resistance was always kept below 15 MΩ and compensated at 70--80%. All recordings were done at room temperature (22--23°C) except a group of experiments recording TRESK currents in HEK293 cells that were done at 32--33°C by heating up the recording chamber bath and the perfusion solution. Shear stress stimulation in transfected cell lines was achieved by increasing bath perfusion rate from 0 or 0.1 ml/min (baseline) to 1 ml/min (shear stress).

Recordings in dissociated neurons were restricted to small and medium TG neurons (\<30 µm diameter; \<45 pF), which largely correspond to nociceptive neurons. Recordings were done 24 h after dissociation at room temperature. For single-channel recordings in TG neuron membrane patches, care was taken to use gentle patches. Before the pipette entered the bath and until cell contact, positive pressure was applied. Slight suction of far less amplitude than the one applied to induce a detectable stretch activation of channels, was applied to form the gigaseal. Single channel currents were recorded following the procedure of Hamill et al. [@pone.0064471-Hamill1] in the cell-attached configuration of the patch clamp technique. In cell-attached recordings, the bath solution used was the same as described above. The patch pipette contained the intracellular solution described (high K^+^), thus almost symmetrical K^+^ concentrations should be achieved.

Single channel currents were sampled at 20 kHz, filtered at 3 kHz and stored on the hard disk system. Command potential was set at 0 mV (cell resting voltage) and depolarizing or hyperpolarizing pulses were applied. Holding potentials reported in this study were the original values indicated on the amplifier and were not corrected for the liquid junction potential. Currents flowing into the pipette were considered to be positive. For current-voltage relationship calculation, open channel amplitudes were calculated at each patch potential by use of all-point amplitude histograms or manually when few openings were seen (e.g., at high hyperpolarized voltages). Open-channel probability (NPo) was calculated as: NPo =  (A1+2A2+3A3+...+NAN)/(A0+ A1+A2+A3+...+AN) where A0 is the area under the curve of amplitude histograms corresponding to current in the closed state, and A1...AN represents the histograms area reflecting the different open-state current levels for 1 to N channels present in the patch. Histogram parameters were obtained from multiple least squares Gaussian fits of the data. The patch membrane was stretched by applying negative pressure (suction) to the back end of the patch pipette using a calibrated syringe. Suction was monitored with a pressure transducer (9162-0, Mallinckrodt, Northhampton, U.K.) that was calibrated using a water manometer. To compare effects of membrane stretch on open-channel probability, single channel recordings at +80 mV were obtained at atmospheric pressure (0 mmHg) and in the presence of suction (−30 mmHg) for a period of 30 s each. Data was analyzed to obtain an amplitude histogram from which NPo was calculated as described above.

Drugs {#s2f}
-----

Drugs were obtained from Sigma-Aldrich (Madrid, Spain) unless stated: Tetrodotoxin (TTX, 2 µM); 4-Aminopyridine (4-AP, 1 mM); Tetraethylammonium (TEA, 1 mM); Chloroform (CHCl~3~, 5 mM); Chlorpromazine (CPZ, 10 µM). Iberiotoxin (IbTx, 50 nM) was obtained from Calbiochem (Merck KGaA, Darmstadt, Germany). Isobutylalkenyl amide (IBA) was kindly provided by Givaudan commercial flavor stocks (Cincinnati, OH).

Statistical analysis {#s2g}
--------------------

Data are presented as mean±s.e.m. Statistical differences between different sets of data were assessed by performing paired (Wilcoxon matched pairs test) or unpaired (Mann-Whitney test) non-parametric tests.

Results {#s3}
=======

TRESK currents are modulated by shear stress and cell membrane tension {#s3a}
----------------------------------------------------------------------

Whole-cell TRESK currents were recorded in F-11 cells (a mouse neuroblastoma/rat DRG sensory neuron hybrid cell line) transfected with the pIRES2-EGFP-rTRESK expression vector. In F-11 cells expressing TRESK, a 1 s depolarizing ramp activated a prominent outward current with a strong outward-going rectification due to physiological solutions used ([Fig. 1a](#pone-0064471-g001){ref-type="fig"}) with a mean current at +10 mV of 4.73±0.83 nA (n = 6), while control non-transfected or eGFP-transfected cells showed much smaller endogenous currents (at +10 mV: 0.68±0.15 nA (n = 6) and 0.82±0.25 nA (n = 3), respectively). The reversal potential of the activated TRESK current was −73.3±0.6 mV (n = 6), which is close to the predicted value for *E* ~K~ ^+^. When TRESK-expressing cells were challenged with an increase in bath perfusion rate (from 0 or 0.1 ml/min to 1 ml/min), a significant and consistent increase of TRESK current was observed (26.7±8.5% increase; p\<0.05; [Fig. 1a--c](#pone-0064471-g001){ref-type="fig"}). This increase in current can be attributed to the increase in laminar shear stress experienced by the cells when the bath perfusion rate is increased. This effect was reversible and could be repeatedly induced without showing any sensitization ([Fig. 1b](#pone-0064471-g001){ref-type="fig"}). The increase in current magnitude (relative to the endogenous current) observed upon exposure to shear stress in F-11 cells over-expressing TRESK strongly suggests that it is TRESK mediating this increase. However, it cannot be formally ruled out that there are other contributions from other mechanosensitive channels potentially expressed in F-11 cells (TREK-1, for example). To confirm TRESK activation by shear stress, experiments were done using a stable HEK293 cell line expressing TRESK, where the same effect upon exposure to shear stress was observed (22.0±11% increase; p\<0.01; [Fig. 1c](#pone-0064471-g001){ref-type="fig"}). In contrast, non-transfected or eGFP-transfected HEK cells only showed a small non-significant increase in current (2.9±3%, n = 10 and 4.3±3%, n = 9, respectively). Given that HEK cells are not likely to express other channels endogenously expressed in the neuronal hybrid F-11 cell line, this result strongly suggests that TRESK channels mediate this effect. In parallel, the human clone of the channel, transiently expressed in HEK293 cells, showed a similar activation upon shear stress stimulation (18--20% increase; data not shown). As a negative control, TASK-3, that has been reported to be mechanically insensitive [@pone.0064471-Patel1], [@pone.0064471-Kim1], did not show a significant activation in response to an increase in shear stress (2.8±2.5%; [Fig. 1c](#pone-0064471-g001){ref-type="fig"}). In contrast, TREK-1 current showed a significant increase to shear stress (19.2±4.6%; p\<0.01; [Fig. 1c](#pone-0064471-g001){ref-type="fig"}) and to hypotonic shock (data not shown) as previously reported [@pone.0064471-Patel1], which served as positive control. Although TRESK is not heat-sensitive itself [@pone.0064471-Sano1], lipids surrounding the channel may be altered by temperature. Experiments performed at 32--33°C in transfected HEK cells showed that shear stress increased TRESK whole-cell current by 26.4±13.9% (p\<0.05; [Fig. 1c](#pone-0064471-g001){ref-type="fig"}), confirming the results previously obtained at room temperature.

![Shear stress modulates TRESK currents.\
**A.** An increase in the perfusion rate produces a potentiation of TRESK current in transfected F-11 cells. Representative current elicited by a voltage ramp is shown. **B.** Time course of the shear stress (SS) effect measured at +10 mV in a TRESK-transfected F-11 cell. Baseline current (a) is reversibly increased (b) when increasing perfusion rate. **C.** Quantification of the shear stress effects. TRESK-transfected F-11 cells (n = 6). HEK293-transfected cells: Non-transfected (n = 10), GFP (n = 9), TRESK (n = 8), TASK-3 (n = 5), TREK-1 (n = 9) and TRESK at 32°C (n = 4). **D.** Activation of TRESK channels by shear stress in HEK293 cells hyperpolarizes membrane potential. Addition of isobutylalkenyl amide (IBA, 500 µM) blocks TRESK and reverses the shear stress effect. **E.** Quantification of shear stress effect on membrane potential in HEK293 transfected cells (n = 7). **F.** Quantification of shear stress effect on whole-cell TRESK current in HEK293 transfected cells (n = 6) and block by IBA application (n = 6). \*p\<0.05; \*\*p\<0.01 Wilcoxon non-parametric test vs. baseline current/voltage.](pone.0064471.g001){#pone-0064471-g001}

When measuring membrane voltage in current clamp mode, the shear stress effect produced a significant hyperpolarization of −10.8±1.4 mV (n = 7; p\<0.01; [Fig. 1d, e](#pone-0064471-g001){ref-type="fig"}). Despite the lack of selective blockers for K~2P~ channels and in particular for TRESK, we have previously shown that the isobutylalkenyl amide (IBA) is a non-selective blocker of TRESK ([Fig. 4](#pone-0064471-g004){ref-type="fig"} in [@pone.0064471-Tulleuda1]). Addition of this compound (IBA, 500 µM) reversed the hyperpolarization elicited by shear stress ([Fig. 1d, e](#pone-0064471-g001){ref-type="fig"}). The increase in TRESK whole-cell current due to shear stress could be also blocked by IBA application ([Fig. 1f](#pone-0064471-g001){ref-type="fig"}).

![Membrane tension modulates TRESK-like currents in trigeminal sensory neurons.\
**A.** Total whole-cell K^+^ current of a small trigeminal sensory neuron in the presence of 2 µM TTX. Currents were elicited by a depolarizing ramp from −90 to +50 mV. Holding voltage was −60 mV. A 10% hypertonic solution produces a significant decrease of the current. **B.** Membrane current from a trigeminal neuron recorded at +20 mV in the presence of TTX (2 µM), 4-Aminopyridine (4-AP, 1 mM), Tetraethylammonium (TEA, 1 mM) and Iberiotoxin (IbTx, 50 nM). In these conditions and at room temperature, most of the current measured should be carried by TRESK. 10% hypertonic solution produces a significant decrease of the current. **C.** Similar experiment as in B but with total K^+^ current activated with a depolarizing ramp from −90 to +50 mV. **D.** Example of a recording in a trigeminal neuron using a protocol to minimize activation of voltage-gated transient K^+^ outward currents and in the presence of Na^+^ and K^+^ blockers. Hypertonic medium produced a significant reduction of the activated current. **E.** Quantification of the experiments performed in A (n = 11) and C (n = 8). **F.** Quantification of currents recorded as in D. Measurements were done at the end of the pulse (−25 mV) and at the end of the ramp (−135 mV; n = 8). \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001 Wilcoxon non-parametric test vs. baseline current.](pone.0064471.g004){#pone-0064471-g004}

To further study whether TRESK is modulated by mechanical stimuli, we used hypo- and hypertonic solutions to induce changes in membrane tension due to cell swelling or shrinkage, respectively. In TRESK-expressing HEK cells whole-cell currents recorded in hypotonic medium were significantly larger (39.9±22% n = 7, p\<0.01) than those recorded in isotonic conditions both when recorded with a voltage ramp ([Fig. 2a, c](#pone-0064471-g002){ref-type="fig"}) or with voltage pulses (inset [Fig. 2a](#pone-0064471-g002){ref-type="fig"}). In contrast, a decrease in membrane tension produced the opposite effect: in hypertonic conditions a significant decrease in TRESK current was observed (-23.6±4.9%, n = 8, p\<0.01; [Fig. 2b, c](#pone-0064471-g002){ref-type="fig"}). The results obtained favor the hypothesis that the channel activity can be modulated by changes in membrane tension. To further test this hypothesis, we challenged TRESK-expressing cells with agents which induce membrane deformation/curvature; a membrane crenator (Chloroform; 5 mM) and a cup-former (chlorpromazine; 10 µM), as previously described for other channels of the family [@pone.0064471-Patel1], [@pone.0064471-Maingret1], [@pone.0064471-Folgering1]. Chloroform application produced a significant increase in TRESK current in all cells tested (31.5±14%, n = 10, p\<0.001). In contrast, chlorpromazine application produced a large current inhibition in all the cells tested, which reached levels even below the baseline current (−79.8±8%, n = 10, p\<0.001; [Fig. 2d--f](#pone-0064471-g002){ref-type="fig"}). Because K^+^ background channels are thought to have a prominent role at voltages close to the cell resting membrane potential, in the same experimental group we measured changes in holding current before and during exposure to chloroform and chlorpromazine. In TRESK-transfected HEK cells, baseline holding current was 489±127 pA (n = 10, Vhold  = −60 mV) showing that channels are active at rest. Chloroform application produced a positive shift in holding current (181±55%; p\<0.001 vs. baseline), while chlorpromazine produced the opposite effect shifting the holding current to negative values (−346±94%; p\<0.001 vs. baseline). This result indicates that membrane tension modifies channel activity in the whole voltage range, including membrane potentials close to the cell resting membrane voltage.

![TRESK is regulated by changes in membrane tension.\
**A.** Membrane tension increase elicited by cell swelling in hypotonic medium produces a significant increase in TRESK currents in transfected HEK293 cell. Currents elicited by a voltage ramp from −90 to +50 mV in the whole-cell configuration. Holding voltage −60 mV. Inset: Currents elicited by a family of depolarizing voltage pulses in the same cell in isotonic and hypotonic conditions. **B.** Cell shrinkage in a hypertonic solution decreases membrane tension and reduces TRESK current. Inset: Currents elicited by a family of depolarizing voltage pulses in the same cell in isotonic and hypertonic conditions. **C.** Quantification of TRESK current modulation by changes in membrane tension in hypertonic and hypotonic media (n = 8 and 7, respectively). **D.** TRESK channel function is modulated by membrane curvature. Chloroform (b; 5 mM) and chlorpromazine (c; 10 µM) exert opposite effects on basal current (a). **E.** Time course of TRESK current measured at +45 mV from consecutive depolarizing voltage ramps (0.2 Hz). Basal current (a); chloroform (CHCl~3~; b); chlorpromazine (CPZ; c). **F.** Quantification of membrane curvature modulators on whole cell current in HEK293 cells expressing TRESK (n = 10). **G.** Effect of shear stress in TRESK-TASK1C chimeric channel expressed in HEK293 cells. **H.** Quantification of shear stress effect on TRESK (n = 8, reproduced from Fig. 1c for comparative purposes), TRESK-TASK1C (n = 4) and TRESK-TASK3C (n = 5) in HEK293 cells. \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001 Wilcoxon non-parametric test vs. baseline current.](pone.0064471.g002){#pone-0064471-g002}

Previous studies on TREK-1 have shown that the C-terminal region of the channel interacts with membrane phospholipids through a cluster of charged amino acids and this C-terminal region is important for mechano-gating [@pone.0064471-Patel1], [@pone.0064471-Chemin1], [@pone.0064471-Maingret2]. In an attempt to study whether TRESK stretch-activation also depends on the C-terminal domain, we produced truncated forms of the channel in the C-terminal region. Complete (ΔK379) or partial (ΔC397 or ΔY389) deletion of the C-terminal domain did not produce functional channels when transfected in HEK293 cells despite the fact that some GFP fluorescence could be seen in intracellular compartments of the cell. These results suggest that an intact C-terminal domain is critical for channel expression, trafficking and/or function. Similar results have been reported for TREK-1, TREK-2 and TRAAK where total or partial C-terminal deletions greatly reduced or totally abolished basal channel currents [@pone.0064471-Patel1], [@pone.0064471-Chemin1], [@pone.0064471-Kim2]. We next constructed chimeric channels where the C-terminus of TRESK had been replaced by that of TASK-1 or TASK-3, which are mechano-insensitive channels. When expressed in HEK293 cells, both chimeric channels display a reduced basal current compared to TRESK, but still were sensitive to laminar shear stress, which increased TRESK/TASK-1C current by 30.3±8% (n = 4, p\<0.05; [Fig. 2g, h](#pone-0064471-g002){ref-type="fig"}) and TRESK/TASK-3C current by 18.5±5% (n = 5, p\<0.05; [Fig. 2](#pone-0064471-g002){ref-type="fig"} h). This is in agreement with a previous study, where replacement of the C-terminus of TRAAK channels with that of TASK1 or TASK3 did not affect the response of the channel to pressure [@pone.0064471-Kim2].

In summary, the activity of TRESK channels expressed in heterologous systems or in a DRG cell line (F-11 cells) is modulated by changes in membrane tension and shear stress. This suggests that mechanical stimulation is a potentially novel regulator of channel activity.

Stretch-activation of endogenous TRESK channels in trigeminal sensory neurons {#s3b}
-----------------------------------------------------------------------------

Next, we tested whether membrane stretch could modify TRESK channel activity in cell membrane patches of dissociated trigeminal sensory neurons. In small-sized trigeminal sensory neurons (likely nociceptors) where TRESK is expressed [@pone.0064471-Bautista1], this channel was identified by its single-channel properties and conductance at depolarized and hyperpolarized membrane potentials. In cell-attached patches (high K^+^ solution in the pipette), TRESK channels had a linear current-voltage relationship with a single-channel conductance of 15.4±0.2 pS (measured as the slope of the I-V relationship; n = 8; [Fig. 3a](#pone-0064471-g003){ref-type="fig"}), which is in the range of previously reported data [@pone.0064471-Kang1], [@pone.0064471-Kang2]. When identified TRESK channels in the cell-attached patches were mechanically stimulated by applying −30 mmHg suction through the patch pipette, an increase in channel activity was observed ([Fig. 3b, c](#pone-0064471-g003){ref-type="fig"}). Basal open probability at +80 mV was 0.34±0.13 (baseline, n = 6 cell-attached patches from 6 different neurons), similar to previously reported data [@pone.0064471-Kang1]. Stretching the membrane produced a 1.51-increase in open probability to 0.54±0.28 (stretched, n = 6; p\<0.05; [Fig. 3d](#pone-0064471-g003){ref-type="fig"}). Similar results were obtained when patches were held at negative voltages (data not shown), thus stretch activation appears to be independent of the voltage difference across the membrane.

![Membrane stretch modulates single channel TRESK currents identified in trigeminal sensory neurons.\
**A.** Current-voltage relationship of single channel openings at different membrane voltages (−90 to +90 mV) in cell-attached patches (n = 8). Holding voltage = 0 mV. High K^+^ solution was used in the recording pipette. Inset: examples of single channel currents obtained at +60 and −60 mV. **B.** TRESK single channel currents recorded at +80 mV in a cell attached patch of a small trigeminal neuron. Baseline recording was done at atmospheric pressure (0 mmHg). Mechanical stimulation (stretch) was performed by applying −30 mmHg suction through the patch pipette. **C.** Representative amplitude histograms in baseline and stretched conditions obtained from recordings performed as described in B. **D.** Quantification of NPo obtained from 6 cell-attached patches were TRESK was identified. \*p\<0.05 Wilcoxon non-parametric test vs. baseline NPo.](pone.0064471.g003){#pone-0064471-g003}

Modulation of TRESK-like currents by changes in membrane tension in trigeminal neurons {#s3c}
--------------------------------------------------------------------------------------

To study whether changes in membrane tension modulate TRESK currents in native conditions, we next challenged small trigeminal sensory neurons with a 10% hypertonic solution (342.1±2.3 mOsm/Kg) and recorded total K^+^ current. Hypertonic medium produced a 55.0±8.1% reduction of the total K^+^ current (n = 11; p\<0.001; [Fig. 4a](#pone-0064471-g004){ref-type="fig"}), which is likely to include TRESK channels and other voltage-activated K^+^ conductances. Due to the lack of selective TRESK channel blockers/activators, we used a cocktail of drugs as well as recordings performed at room temperature in an attempt to minimize the contribution of other ionic conductances (and in particular other K^+^ channels) to the currents recorded. In addition to TTX (2 µM), the general potassium blockers 4-AP (1 mM) and TEA (1 mM) were used at concentrations known to block other K^+^ channels but not TRESK [@pone.0064471-Kang1], [@pone.0064471-Sano1], [@pone.0064471-Liu1]. Iberiotoxin (50 nM) was also included to block Ca^2+^-dependent K^+^ channels. Other members of the K~2P~ family are likely to be present in small and medium-sized sensory neurons. According to other studies, TREK-2 and TRESK channels are major contributors to total background current, while TREK-1 and TRAAK carry a smaller fraction of the current [@pone.0064471-Dobler1], [@pone.0064471-Kang1]. At room temperature, TREK-1, −2 and TRAAK are mostly inactivated, therefore under these conditions most of the background current should be carried by TRESK [@pone.0064471-Kang1], [@pone.0064471-Kang3]. In these experimental conditions, application of a hypertonic solution produced a 50.0±8.8% reduction of the holding current activated at +20 mV ([Fig. 4b](#pone-0064471-g004){ref-type="fig"}; n = 10; p\<0.05).

When whole-cell current was activated by a voltage ramp (without drugs), the drug cocktail produced a significant decrease in total current (32.6±7.3%; n = 8; p\<0.01; [Fig. 4c](#pone-0064471-g004){ref-type="fig"}), and a further reduction was achieved in hypertonic medium (49.7±7.9% vs. baseline with drugs; n = 8; p\<0.01 [Fig. 4c, e](#pone-0064471-g004){ref-type="fig"}). As previously described [@pone.0064471-Dobler1], [@pone.0064471-Tulleuda1], a protocol to minimize activation of voltage-gated transient K^+^ outward currents was also used to measure the effect of hypertonic medium ([Fig. 4d](#pone-0064471-g004){ref-type="fig"}). Currents measured at the end of voltage pulse to −25 mV and ramp to −135 mV were significantly reduced by changes in membrane tension due to the hypertonic medium ([Fig. 4d, f](#pone-0064471-g004){ref-type="fig"}). In summary, changing the membrane tension by a mild hypertonic solution produces a significant decrease in TRESK current which is similar to that obtained when expressed in heterologous systems.

Modulation of TRESK currents by inflammatory mediators {#s3d}
------------------------------------------------------

Previous data shows that TRESK channels are activated or inhibited by changes in membrane tension. Because TRESK is expressed in touch and nociceptive sensory neurons [@pone.0064471-Dobler1]--[@pone.0064471-Marsh1], [@pone.0064471-Bautista1], [@pone.0064471-Bhattacharya1], its activation/inhibition could play a significant role in the detection of mechanical or other depolarizing stimuli. After tissue injury or inflammation, several potent inflammatory mediators are released in the interstitial fluid to form an exudate with an acidic and hyperosmotic content [@pone.0064471-Vakili1]--[@pone.0064471-Steen2]. In contrast to other leak channels from the same family [@pone.0064471-Patel1], [@pone.0064471-Enyedi1], [@pone.0064471-Kang1], [@pone.0064471-Maingret1], arachidonic acid (AA), a well-known inflammatory mediator, inhibits TRESK currents [@pone.0064471-Sano1].

To assess whether inflammatory mediators had additive effects with mechanical stimulation, we challenged HEK293 cells expressing TRESK channels with AA or acidic pH and then with hypertonic medium. As expected, AA (10 µM) produced a 42.6±4.2% decrease in TRESK current recorded at +20 mV (n = 14; p\<0.001; [Fig. 5a, d](#pone-0064471-g005){ref-type="fig"}). In the presence of AA, a drop in pH (pH 7.4 to 6.0) produced a further decrease in TRESK current (71.9±5.2% vs. baseline current; p\<0.05), showing that the effects were additive. Similarly, when TRESK-expressing cells were challenged with hypertonic medium in the presence of AA or in acidic pH, additive effects were also found. Arachidonic acid *plus* mechanical stimulation of TRESK currents due to the hypertonic medium produced a maximum current inhibition of 72.7±4.5% (n = 10; p\<0.001; [Fig. 5b, d](#pone-0064471-g005){ref-type="fig"}), while acidic pH and hypertonic medium decreased TRESK current by 64.6±3.0% (n = 6; p\<0.05; [Fig. 5c, d](#pone-0064471-g005){ref-type="fig"}). In summary, the additive effects of different inflammatory mediators, together with changes in membrane tension produces a significant reduction of TRESK currents. In sensory neurons, this will greatly facilitate neuronal activation in response to any depolarizing stimuli in conditions of tissue injury and/or inflammation.

![Additive inhibitory effects of inflammatory mediators and hyperosmotic conditions TRESK current.\
**A.** *Left:* TRESK current recorded at +20 mV in a transfected HEK293 cell. Additive inhibitory effects can be observed by application of arachidonic acid (AA, 10 µM) and acidic pH of 6. In a, b and c, a depolarizing ramp from −90 to +50 mV was recorded to obtain total K^+^ current (*right*). **B.** *Left:* AA and hypertonic conditions produce additive inhibitory effects on the TRESK current recorded at +20 mV in a transfected HEK293 cell. Notice that in some cases, a stimulatory shear stress effect can be seen when the bath perfusion is turned on. In a, b and c, depolarizing ramps from −90 to +50 mV were recorded to obtain the current-voltage relationship (*right*). **C.** *Left:* Acidic pH and hypertonic conditions have also additive effects on the TRESK current recorded at +20 mV in a transfected HEK293 cell. In a, b and c, depolarizing ramps from −90 to +50 mV were recorded to obtain the current-voltage relationship (*right*). D. Quantification of inhibitory effects of AA (n = 14), acidic pH (n = 6), AA + hypertonic medium (n = 10), AA + acidic pH (n = 6) and acidic pH + hypertonic medium (n = 6). \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001 Wilcoxon non-parametric test vs. baseline current. ^\#^p\<0.05; ^\#\#\#^p\<0.001 Wilcoxon non-parametric test vs. AA or pH 6.](pone.0064471.g005){#pone-0064471-g005}

Discussion {#s4}
==========

Among the different K^+^ background channels expressed in TG and DRG sensory neurons, TRESK shows the highest level of expression [@pone.0064471-Dobler1], [@pone.0064471-Tulleuda1], [@pone.0064471-Marsh1] and carries, together with TREK-2, most of the K^+^ background current [@pone.0064471-Dobler1], [@pone.0064471-Kang1]. In contrast to other K~2P~ channels expressed in sensory neurons, TRESK is activated by intracellular calcium increases through calcineurin, thus acting as a "brake" to prevent excessive activation of sensory neurons in response to depolarizing stimuli. Other channels like TREK-1 and −2 as well as TRAAK are highly regulated by temperature changes and appear to have a significant role in temperature perception and mediating neuroprotective effects [@pone.0064471-Heurteaux1], [@pone.0064471-Nol2]. In contrast, TRESK is temperature-insensitive, down-regulated by injury and inhibited by inflammatory mediators like acidic pH or arachidonic acid [@pone.0064471-Tulleuda1], [@pone.0064471-Sano1], which, in fact, highly activates other K~2Ps~ [@pone.0064471-Patel1], [@pone.0064471-Maingret1]. Here we show that, in addition, TRESK is modulated by membrane stretch, a property likely to participate in the regulation of the channel function under different conditions.

Different types of mechano-activated channels have been described (for review see [@pone.0064471-Folgering1], [@pone.0064471-rnadttir1]--[@pone.0064471-Nilius1]). Some of them appear to be mechanically gated like TRPA1 [@pone.0064471-Vilceanu1], [@pone.0064471-Brierley1] or the Piezo1 and Piezo2 proteins, recently shown to be involved in mechanotransduction in touch and nociceptive sensory neurons [@pone.0064471-Coste1]--[@pone.0064471-Kim3]. Other channels like the members of the DEG/ENaC family or TRPV4 channels seem to be modulated by mechanical stimuli or by changes in cell membrane tension (stretch) but it is unclear if they are directly activated by mechanical stimuli [@pone.0064471-rnadttir1]. Among the K~2P~ family of K^+^ channels, TREK-1, TREK-2 and TRAAK have been shown to be sensitive to applied pressure, changes in osmolality and by modulators of the lipid bilayer in heterologous cells [@pone.0064471-Patel1], [@pone.0064471-Maingret1], [@pone.0064471-Kang4] while others like TASK-1 or TASK-3 remain mechano-insensitive. It has been proposed that TREK-1 mechanosensitivity arises from an as yet unknown interaction between the C-terminal domain and the plasma membrane. A region in the C-terminal domain (Val298 to Thr322) with charged amino acids was identified to be important but not sufficient for mechanical and chemical sensitivity (activation by arachidonic acid) since a chimera of a TASK channel with the TREK-1 C-terminus did not show mechanical/chemical activation [@pone.0064471-Patel1], [@pone.0064471-Maingret2]. On the contrary, TRAAK, which also has an homologous C-terminal region, retains its mechano-sensitivity when its C-terminus is replaced by that of TASK-1 or TASK-3 [@pone.0064471-Kim2]. Together these data suggest a different molecular sensor for TRAAK activation as also suggested from the recently described atomic structure of the channel [@pone.0064471-Brohawn1]. Similarly to TREK-1 and TRAAK, we have found that TRESK is activated by cell swelling and inhibited by cell shrinkage in hypertonic medium, thus making it highly probable that changes in membrane curvature/shape/tension modify channel activity/opening. This is further demonstrated by the use of membrane crenators or cup-former substances, which preferentially insert into the external or internal leaflet of the bilayer, thereby changing membrane tension [@pone.0064471-Sheetz1]. Other mechano-activated channels like TRPA1 have been also shown to be sensitive to changes in membrane curvature [@pone.0064471-Hill1]. In addition, pressure or suction application through the patch pipette in the whole-cell configuration modifies TRESK current in a similar fashion (Gasull & Callejo unpublished observations). rTRESK channels have a much shorter C-terminus compared with TREKs or TRAAK. Despite the fact that it also has some charged amino acids that could interact with membrane phospholipids (**K**LMQN**R**LL**H**TY**K**TLMLFVCQ**RE**VSLPC), this region is dissimilar from the one identified in TREK and TRAAK. In an attempt to discern the role of the C-terminus in TRESK mechanosensitivity, we partially (ΔC397 or ΔY389) or totally (ΔK379) deleted this region but these constructs did not produce functional channels when expressed in heterologous systems. In contrast and similarly to that described for TRAAK, a chimera of TRESK containing the C-terminus of TASK-1 or TASK-3 was still activated by shear stress. Taken together, all these data favor the hypothesis that stretch sensitivity is not due to a direct interaction of the C-terminus with the membrane but rather a conformational change of the whole channel within the membrane bilayer, adopting conformational states with distinct functional properties in response to applied membrane tension, as proposed for other mechanosensitive channels [@pone.0064471-Haswell1]--[@pone.0064471-Delmas1]. Therefore, we propose that an increase in membrane tension and/or curvature serves to stabilize the conformational state of the channel towards a greater cross-sectional area, with the larger areas favored by increasing tension (for review see [@pone.0064471-Haswell1]). In this way, the action of several local or volatile anesthetics blocking or activating the channel could be mediated by their insertion in the membrane, as proposed for other channels [@pone.0064471-Wood1]--[@pone.0064471-Baciu1].

Braun et al. have recently shown that TRESK is regulated through phosphorylation by MARK kinases in a cluster of serines (S274, 276 and 279) located in the intracellular loop of the channel [@pone.0064471-Braun1]. MARK kinases are linked to regulation of neuronal polarity and/or microtubule cytoskeleton [@pone.0064471-Barnes1], [@pone.0064471-Shelly1], thus it is possible that TRESK has a significant role in these processes in sensory neurons. We have not tested whether the microtubule or the actin cytoskeleton has some influence in TRESK regulation by mechanical stimulation. As previously stated, the effects of membrane crenators/cup-formers, which are not likely to modify the cell cytoskeleton but still modulate TRESK currents, point to a modulation of the channel through direct changes in membrane tension rather than an effect mediated by the cytoskeleton. Data from other K~2P~ channels shows that mechanical activation does not require the integrity of the cytoskeleton and can be achieved in excised membrane patches or in the presence of the cytoskeleton disrupters colchicine and cytochalasin D [@pone.0064471-Patel1], [@pone.0064471-Maingret1]. TRESK channels seem to follow a similar mechanism of activation by mechanical stimuli where the activating force comes from the lipid bilayer. Since TREK and TRAAK channels are activated by arachidonic acid, it has been suggested that the mechanically sensitive phospholipase A~2~ could mediate these effects [@pone.0064471-Maingret1] although TRAAK mechanical activation is still possible in the presence of phospholipase A~2~ inhibitors. In contrast, TRESK is inhibited by arachidonic acid, but the channel can still be modulated by mechanical stimuli. This suggests that, in the case of TRESK, the modulatory effects of arachidonic acid and stretch follow independent mechanisms.

It is well known that mechanical stimulation activates sensory neurons [@pone.0064471-Delmas1]. Radial stretch on cultured DRG neurons activates nociceptors and mechanoreceptors [@pone.0064471-Bhattacharya1]. Using hydroxy-alpha-sanshool and different TRP activators, two populations of stretch-sensitive neurons were described: low threshold mechanoreceptors/proprioceptors and non-peptidergic C-fiber nociceptors. Both these populations of stretch-sensitive neurons appear to express TRESK channels [@pone.0064471-Bhattacharya1]. We and others have previously shown that blocking or decreasing TRESK expression increases mechanical sensitivity in the rat [@pone.0064471-Tulleuda1], [@pone.0064471-Klein1]. Others have shown similar effects in lingual tactile sensitivity after IBA administration [@pone.0064471-Albin1] or hydroxy-alpha-sanshool [@pone.0064471-Bryant1]. Mechanical regulation of TRESK channels may play a role in modulating responses to light touch, as well as painful mechanical stimuli, as also proposed by others [@pone.0064471-Bautista1], [@pone.0064471-Lennertz1], [@pone.0064471-Basbaum1]. In fact, here we show that TRESK expressed in heterologous systems is inhibited by arachidonic acid, acidic pH and by a slightly hypertonic medium in an additive manner. This implies that mechanical and chemical modulation of the channel has additive effects. These conditions are commonly found locally after tissue injury and/or inflammation, but also after peripheral nerve injury, which produces an increase of spinal arachidonic acid content [@pone.0064471-Sung1]. Therefore, it is possible that, in order to trigger sensory neuron activation and/or persistent neuronal hyperexcitability after tissue/nerve injury, TRESK currents are diminished to facilitate neuronal activation by depolarizing stimuli. In addition to a possible regulation at the protein level, we also found a decrease in TRESK mRNA expression after nerve injury [@pone.0064471-Tulleuda1], both effects favoring a decrease in TRESK function in sensory neurons. The reported effects of modulators of K~2P~ channels (hydroxy-alpha-sanshool, IBA) on sensory perception (tingling, burning) [@pone.0064471-Albin1], [@pone.0064471-Bryant1] are likely to be due to activation of different types of sensory fibers when applied to the skin-nerve preparation [@pone.0064471-Lennertz1], on lingual sensory fibers [@pone.0064471-Bryant1] or sciatic C-fibres [@pone.0064471-Tulleuda1]. In fact, these substances produce an activation of tactile- and cooling-sensitive fibers as well as nociceptors [@pone.0064471-Lennertz1], [@pone.0064471-Bryant1] but also some silent fibers are activated by these compounds [@pone.0064471-Tulleuda1], [@pone.0064471-Bryant1]. Interestingly, after administration of K~2P~ modulators, the sensitivity of many fibers is altered. Some fibers are sensitized to tactile stimulation [@pone.0064471-Tulleuda1], [@pone.0064471-Klein1]--[@pone.0064471-Bryant1] or they are then able to be excited by stimuli to which they had previously been insensitive [@pone.0064471-Bryant1]. These effects have been proposed to mediate the tingling sensations reported after consumption of fruits containing natural alkylamides [@pone.0064471-Bautista1], [@pone.0064471-Albin1]. In a similar way to alkylamides, it is possible to hypothesize that stretch-mediated activation/inhibition of TRESK could modulate mechanosensory transduction in peripheral sensory fibers like the sensitization of mechano-insensitive fibers observed after repetitive stimulation [@pone.0064471-Schmidt1]. It is known that inflammatory mediators can acutely sensitize mechano-insensitive "sleeping" nociceptors and render them mechano-responsive [@pone.0064471-Schmidt1], [@pone.0064471-Schmidt2]. At least part of these effects could be mediated by the inhibitory effects of arachidonic acid and acidic pH on TRESK and further potentiated by the stretch-sensitivity of TRESK in the hypertonic conditions encountered in inflamed tissues. In a similar way, stretching the membrane provides TRAAK with a greater sensitivity to pH and arachidonic acid [@pone.0064471-Kim2] **.** It is possible that substances that activate TRESK like the volatile anesthetic isoflurane decreases mechanical sensitivity due to mechanoactivation of the channel by means of changes in membrane tension. Because TRESK can be activated or inhibited depending on how a mechanical stimulus is applied (e.g. negative vs. positive pressure to the membrane), mechanical stimulation could facilitate neuronal activation (TRESK inhibition) or prevent it (TRESK activation). This hypothesis remains to be tested in future studies.

A dominant-negative mutation in TRESK has been associated with familial migraine with aura [@pone.0064471-Lafrenire1]. A subsequent study demonstrated that another mutation that produces a complete loss of channel function has been found in migraine and control cohorts, indicating that a single non-functional TRESK variant is not alone sufficient to cause typical migraine [@pone.0064471-AndresEnguix1]. Nevertheless, an increase in sensory neuron excitability has been reported in TRESK\[G339R\] functional knockout mice [@pone.0064471-Dobler1], implying that loss of TRESK function favors an enhanced excitability in sensory neurons and in particular, in nociceptors. In migraine, cortical spreading depression activates trigeminal nociceptors producing release of pro-inflammatory peptides that cause neurogenic inflammation and may lead to central sensitization [@pone.0064471-Zhang1]. Mutations producing loss or a diminished function of TRESK are likely to facilitate nociceptor activation and enhance the likeliness of having a migraine episode. It is possible to speculate that substances that modify membrane tension could decrease TRESK function and facilitate activation of nociceptors when cortical spreading depression occurs in migraneurs.

In summary, we show here that TRESK possess an intrinsic sensitivity to changes in membrane tension. During tissue injury or inflammation, stimuli such as small osmotic changes will be able to modulate the channel, in addition to the inhibitory effect of inflammatory mediators like arachidonic acid or acidic pH. The combination of all these factors will down-regulate TRESK currents to enhance sensory neuron excitability. It remains to be elucidated in future studies if this effect contributes to the generation of tingling and burning sensations as well as mechanical allodynia evoked when blocking TRESK or some other K~2P~ channels. In addition, TRESK stretch-sensitivity might play a significant role in cellular processes involving the cytoskeleton, especially since the recently described regulation of TRESK channels by MARK kinases and their relationship with neuronal polarity.
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